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We report on the use of elliptical pump spatial modes to increase the observed brightness of spon-
taneous parametric downconversion in critically phase matched crystals. Simulations qualitatively
predict this improvement which depends on the eccentricity and orientation of the pump ellipse.
We experimentally confirm a factor of two improvement in brightness when compared to the tra-
ditional circular-symmetric pump spatial modes. These results support previous theoretical work
that proposes the use of elliptical pump modes to enhance the performance of parametric processes
in anisotropic materials.
Entangled photon pair sources play a crucial
role in fundamental tests of nature1,2 and emerg-
ing quantum applications3,4. Spontaneous parametric
downconversion5 (SPDC) is the most common method to
generate these photon pairs, with a variety of designs6–8
and materials used. In SPDC, a photon (pump, p) in
a nonlinear crystal can downconvert into two photons
(signal, s; idler, i) obeying energy and momentum con-
servation.
Early studies identified the influence of pump param-
eters on parametric brightness9. The most comprehen-
sive review on pump optimization was made by Boyd
and Kleinman10, who suggested the use of circular sym-
metric spatial modes for pumping nonlinear processes.
Though used most often, assumptions about circular
(isotropic) symmetry might not optimize frequency con-
version given that the vast majority of parametric pro-
cesses take place in anisotropic materials. A specific case
of interest, where the anisotropy is important, is when
using critical phase matching in birefringent materials.
When the pump is extraordinarily polarized it experi-
ences spatial walk-off, as depicted in Fig. 1(a). The in-
terplay of pump spatial modes with walk-off was first
studied by Volosov11 and Kuizenga12. They showed that
elliptical pump shapes could improve frequency conver-
sion performance in second-harmonic generation (SHG)
and other parametric processes. Their main observation
was that the spatial walk-off limits the overlap of any
parametric emission (see Fig. 1(b)). This restricts the
benefits of tight pump focusing in the direction of walk-
off. In contrast, this restriction is absent in the non-walk-
off direction, which allows for tighter focusing. Hence,
it is natural to consider different focusing conditions for
different directions, leading to an elliptical (astigmatic)
spatial mode.
Experimental studies on SHG using elliptical pump
beams verified the predicted gain, but the general ob-
servation was that the additional experimental complex-
ity involving cylindrical focusing appeared to offset any
enhancement13,14. This observation stems from the chal-
lenges of operating elliptical beams in a resonant cavity.
However, single-pass parametric processes such as SPDC
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FIG. 1. (a) Side view of the pump spatial walk-off (blue line)
within the crystal. The collinear SPDC emission is depicted
by red arrows. The dotted line is the crystal’s optical axis. (b)
Sketch adapted from12 representing the overlap between the
pump beam (solid lines) and the downconversion beams (dot-
ted lines), depicting the importance of controlling the pump
focusing in order to maximize the overlap. (c) Collinear SPDC
emission profile at the exit face of the crystal when the major
axis of the pump ellipse (inset) is parallel to the walk-off di-
rection. (d) Same as (c) but the ellipse major axis is rotated
by 90°. (e) Experimental setup, 1: single-mode fiber pump
output, 2: collimation lens, 3-4: cylindrical lenses, 5: focus-
ing lens, 6: BBO crystal, 7-8: excess pump removal optics, 9:
single-mode fiber, 10: photon separation via a dichroic mirror
followed by coincidence detection setup.
are exempt from these difficulties.
In this work, we study the effect of combining ellip-
tical pump and circular-symmetric collection modes in
type-I SPDC with negative birefringent materials. Our
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FIG. 2. Results for the regime where the major axis of the pump ellipse is parallel to the walk-off direction. (a) Simulated
in-fiber brightness at different collection distances for different pump aspect ratios. The shaded area indicates 1 s.d. confidence
interval assuming Poisson statistics. (b) CCD camera images of the pump at the crystal position. (c) Experimentally observed
brightness at different collection distances for different pump aspect ratios.
approach is outlined in Fig. 1. We distinguish between
two pump orientations; parallel (Fig. 1(c)) and orthog-
onal (Fig. 1(d)) to the walk-off plane (defined by the
propagation and walk-off direction).
To systematically investigate the effect of eccentricity
the pump is launched from a single-mode fiber before
undergoing cylindrical focusing. The eccentricity of the
pump is defined via the aspect ratio r =
ωy
ωx
, where ωy
(ωx) is the vertical (horizontal) waist of the ellipse. In our
discussion, the vertical direction is associated with the
walk-off. The change in pump aspect ratio was achieved
by tuning only the waist of the horizontal axis. For the
ideal pump shape, Kuizenga suggests that the size of the
pump in the two directions are determined separately by
considering whether walk-off is present.
To optimize the pump shape in each direction, we
should utilize the birefringence parameter B10:
B =
ρ
2
(lk0)
1/2, (1)
where ρ is the walk-off angle, l is the length of the crystal
and k0 is the pump wave vector. In the direction where
there is no walk-off, B = 0.
The experimental layout for investigating elliptical
pump performance is shown in Fig. 1(e). A 5 mm β-
Barium Borate (BBO) crystal (cut-angle θ = 28.76°) is
pumped with 405 nm light to generate type-I, collinear,
non-degenerate SPDC wavelengths (signal and idler
wavelengths at 776 nm and 847 nm, respectively). Ex-
cess pump power was removed by a dichroic mirror and a
long-pass filter. Finally, the SPDC photons were coupled
into a single-mode fiber and sent to a detection setup.
A range of pump aspect ratios were realized with dif-
ferent cylindrical lenses. Once a target aspect ratio was
achieved, a plano-convex lens focused down the pump
ellipse.
According to the literature10, the optimal pump waist
in the walk-off direction (given our crystal properties) is
22 µm, whereas the optimal pump waist in the direction
with no walk-off is 7.5 µm. This gives the optimal aspect
ratio of r = 2.9.
These optimal values, however, do not take into ac-
count experimental limitations, such as aberrations in-
troduced by thick lenses. Empirically, we found that in
our setup a pump waist of 93 µm optimized the bright-
ness and collection efficiency when the aspect ratio was
1.0, with a collection waist of 45 µm.
Therefore, to investigate the effect of the pump aspect
ratio we fixed the pump size in the walk-off direction
at 93µm. Correspondingly, the pump size in the non-
walk off direction ranged from 27µm to 150µm. Thus,
the range of aspect ratios that were implemented ranged
from 4.44 to 0.66. The experiment was then repeated
for the case where the major axis of the pump beam was
orthogonal to the walk-off direction. In this case, the
experimental aspect ratio investigated ranged from 2.94
to 0.65.
To provide better insight on the interplay of elliptical
pump and circular collection modes a model was devel-
oped. Within the model, the SPDC intensity is governed
by the conventional phase matching conditions of the re-
spective (p, s and i) fields. The classical p field is treated
as a probability distribution of ~kp, that follows the angu-
lar and spatial intensity distributions of a Gaussian beam
profile.
For a given wavelength λp, starting position within the
crystal {x, y, z} and propagation direction ~kp, the weight-
ing function A can be obtained:
A = e−
(ωx∆kx)
2+(ωy∆ky)
2
2 · sinc
(
l∆kz
2
)2
. (2)
Here ∆~k = ∆kxxˆ+ ∆ky yˆ + ∆kz zˆ is the phase mismatch
in Cartesian coordinates, ωx,y the beam waist in hori-
zontal (x ) and vertical (y) directions, and l the crystal
length. This weighting function determines the proba-
bility of generating a signal/idler pair with wavelengths
λs and λi in the propagation directions kˆs and kˆi. The
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FIG. 3. Results for the regime where the major axis of the pump ellipse is orthogonal to the walk-off direction. (a) Simulated
in-fiber brightness at different collection beam waists for different pump aspect ratio. Here, the ellipse is rotated 90° with
respect to the data presented in Fig. 2. The shaded area indicates 1 s.d. confidence interval assuming Poisson statistics. (b)
CCD camera images of the pump at the crystal position. (c) Experimental in-fiber brightness at different collection distances
for different pump aspect ratios.
individual treatment for each ~kp accounts for effects of
the wavefront curvature.
Using conventional ray-tracing techniques the ~ks,~ki
pair was propagated through the downstream optics to-
wards a single-mode fiber (numerical aperture of 0.1 and
core diameter 5 µm). The overlap of the SPDC rays with
the collection mode of the fiber determines the in-fiber
photon pair brightness. The model is available online at:
https://github.com/arianstolk/SPDC_test/.
The simulated and experimental results are shown in
Fig. 2 and Fig. 3. When the major axis of the pump el-
lipse is parallel to the walk-off direction, the experimental
data agrees qualitatively with the model, which predicts
increased brightness for larger pump aspect ratio. The
best observed improvement over the circular symmetric
mode is a factor of 2. When the major axis of the pump
ellipse is orthogonal to the walk-off direction, there is
a dramatic difference as the brightness shows little re-
sponse when the aspect ratio changes.
In the case where the major axis is aligned with the
walk-off direction, increasing the aspect ratio monoton-
ically increased the photon pair brightness that can be
observed. Due to experimental difficulties, the optimal
aspect ratio of 2.9 was not achieved. However, it is in-
structive to consider the results of the two aspect ratios
that bracket this value. These results showed a strong
dependence of brightness on the orientation of the pump
major axis, validating Kuizenga’s proposal.
In Fig. 2(c), there is a strong linear relationship be-
tween the brightness and collection waist, which is not
present in the model.This is attributed partly to the lack
of precision within the model which uses the thin lens
approximation for modeling the single-mode fiber photon
collection and ignores the lens thickness. Furthermore,
the observed M2 value of the pump beam in the walk-off
direction deviates from the ideal case for large aspect ra-
tio (see Tab. I in Appendix) due to lens aberrations when
using thick cylindrical lenses.
Improvements in the model (e.g. improved approxi-
mations for ray tracing of the curved optics) will help to
match the experimental results and provide better pre-
dictions about the overall source performance. Addition-
ally, an extension of this work would be the use of ellipti-
cal collection modes that are tailored to the pump profile
and crystal anisotropy.
When considering asymmetric effects of the phase
matching conditions on the SPDC profile, the use of a
correctly oriented elliptical pump mode showed improved
in-fiber brightness over the traditional circular symmetric
modes. This deviates from experimental results in SHG
in optical parametric oscillators, where the marginal im-
provement in performance did not warrant the expense
of increased experimental complexity. Elliptical pump
modes have already improved the brightness of entangled
photon pairs sources where the crystal geometry allows
an elliptical pump mode to be implemented8,15.
In many modern SPDC sources the pump is typically
obtained from a laser diode which inherently exhibits an
elliptical profile. Taking into account crystal anisotropy
and beam walk-off it might be unnecessary to correct
the elliptical pump profile, simplifying the construction
of photon pair sources while improving performance.
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5Appendices
A. THE BOYD-KLEINMAN OPTIMAL CIRCULAR SYMMETRIC PUMP BEAM CALCULATION
In order to calculate the optimal circular symmetric pump beam suggested by Boyd-Kleinman, first the B parameter
of the nonlinear crystal needs to be calculated. In our case, the properties of the BBO crystal: ρ = 3.83°, l = 5 mm
and λ0 = 405 nm. From Eq. 1 in the main text, B = 9.3.
Knowing the B parameter, the optimal ξ value can be inferred via the optimization curves shown in Fig. 4:
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FIG. 4. Optimization curves for circular symmetric beams reported in10. For different walk-off parameters (the B number is
shown above each curve) ξ (x-axis) and the figure of merit hm (y-axis) is shown. Resorting to this curves and knowing the
walk-off angle and the thickness of the crystal, the optimal circular symmetric beam for a particular wavelength λ0 can be
determined.
For B = 9.3, ξ is calculated to be 0.6579. From here, the ideal beam waist can be calculated, since ξ = lb =
l·λ
ω2·2pi .
In our case, ω = 22.13 µm.
B. PUMP BEAM PARAMETERS
Pump beam parameters used in both simulation (Sim) and experiment (Exp) are depicted in Tab. I. Due to
experimental factors (e.g., lens aberrations) when shaping the pump mode, the experimental Rayleigh length values
are lower than the ideal values used in the simulation (M2⊥,M
2
// = 1). This explains the difference in decaying rates
between simulation and experiment.
6TABLE I. The Rayleigh length is defined as ZR =
piω20
M2λp
, where ω0 is the beam waist at the focus position, M
2 is the beam
quality factor and λp is the pump wavelength. The// (⊥) direction is defined as the direction parallel (orthogonal) to the phase
matching plane.
Pump Param.
Aspect ratio ZR// [mm] M
2
// ZR⊥[mm] M
2
⊥
Sim Exp Sim Exp Exp Sim Exp Exp
Parallel
0.67 0.66 174.5 145.6 1.1 77.6 69.1 1.1
1.0 1.03 77.6 65.2 1.1 77.6 70.9 1.1
2.0 1.85 19.4 20.9 1.0 77.6 49.1 1.5
3.0 4.44 8.4 5.0 1.0 77.6 30.8 1.7
Orthogonal
0.67 0.65 77.6 76.0 1.0 174.5 155.5 1.1
1.00 0.97 77.6 65.2 1.1 77.6 70.9 1.1
2.0 2.02 77.6 66.2 1.1 19.4 17.3 1.2
3.0 2.94 77.6 70.9 1.0 8.4 8.2 1.0
